Introduction
Since the first report on the photophysical properties of rhenium(I) tricarbonyl diimine complexes 40 years ago, this class of chelate compounds has been intensively studied.
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In the meantime, an important number of luminescent fac [ReX(CO) 3 (NN)] complexes showing rich excitedstate properties associated with their longlived triplet metalto ligand charge transfer ( 3 MLCT) excited state have been widely reported. 2, 3 Their photophysical properties may be adequately tuned by varying the diimine ligand, the "sixth" ligand "X" (a halide or pseudo halide for neutral complexes, a neutral ligand for cationic complexes), and the solvent. 4 These properties have led to the development of diverse applications for this type of compunds, 5 for example as biomolecular agents, 6 as photocatalysts for the reduction of CO 2 , 7 as lightemitting devices, 8 or as molecular sensors or photoswitches. 9 A panoply of diimine ligands, usually derived from bipy or phen, may be found in the literature. Nonetheless, finding a straightforward, synthetically accessible way to obtain new N,Nchelating ligands is one of the remaining challenges in this field. The photophysical properties may be adjusted by choosing the appropriate ligand, but most of the ordinarily used diimine ligands usually require synthetic methods which are often difficult and tiresome. Therefore, the possibility of using "a la carte" and "easy to make" ligands would be very welcomed by the scientists working on this field. Pyrazolylamidino ligands fulfil all these requirements, since they can be readily obtained in situ by the coupling reaction of pyrazoles and coordinated nitriles (Scheme 1). Although reports on the synthesis of complexes containing pyrazolylamidino ligands are relatively scarce, 10, 11 a wide panel of pyrazolylamidino complexes can be synthesized by using different nitriles and pyrazoles, providing the opportunity of controlling both the electronic and steric properties of the ligand. We have recently published a systematic study on the mechanism of the metalmediated coupling of pyrazoles and nitriles.
Since there are no previous reports dealing on photophysical studies of pyrazolylamidino complexes, we report herein the first spectroscopic, electrochemical, and computational studies on rhenium(I) tricarbonyl complexes containing pyrazolylamidino ligands.
Results and discussion

Synthesis and characterization
All the complexes investigated in this study are collected in Table 1 . In order to study the influence of the substituents on the pyrazolylamidino ligand and of the "sixth" ligand in a given complex, a panel of complexes was synthesized, some of them previously reported by us. 11c,12 The pyrazolylamidino ligands result from the coupling of pyrazole (pzH), 3,5 dimethylpyrazole (dmpzH) or indazole (indzH) (labelled as pzR in Table 1 ) with either acetonitrile or benzonitrile (NCR' in Table 1 ). In the neutral complexes, chlorido or bromido ligands were used, whereas acetonitrile and pyrazole (dmpzH or indzH) were coordinated in the cationic complexes (L in Table  1 ). This diversity allows us to discriminate the influence of different stereoelectronic factors on the luminescence and electrochemical properties.
The syntheses and characterization of the species subjected to this study are described first, before discussing their properties. The syntheses of the new pyrazolylamidino complexes are presented in Scheme 2. Complexes 3, 7, and 8 were obtained by coupling of nitrile with pyrazole, using NaOH (aq) as catalyst, as previously reported by us. 12 Chlorido complexes 1 and 2 were instead obtained from the previously synthesized bromido pyrazolylamidino complexes by abstracting the bromido ligand with AgBF 4 and subsequent addition of chloride. Alternatively, complexes 1 and 2 can also be obtained by the same manner as complex 3, that is by coupling of the corresponding nitrile with pyrazole. However, when using this latter route the yields are much lower, as these processes usually reach an equilibrium between the mixed nitrilepyrazole and the final pyrazolylamidino complexes. 12 This equilibrium is shifted to the starting mixture for chlorido complexes 13, whereas for bromido complexes 4 8 it is driven to the final pyrazolylamidino complexes.
The spectroscopic and analytical data support the proposed geometries and are collected in the Experimental Section. The hydrogen atoms in ortho position of the phenyl substituents in benzonitrilederived complexes 7 and 8 display broad signals in the 1 H NMR spectra at room temperature, probably due to the slowing down of the phenyl group rotation. Spectra recorded at lower temperatures gave the expected pattern (see Experimental Section). Furthermore, complexes 1 (Figure 1 ), 2 ( Figure S1 ), and 7 ( Figure 2 ) were characterized by singlecrystal Xray diffraction studies. The distances and angles (CCDC 14144051414407) are similar to those found in other pyrazolylamidinorhenium complexes.
11,12
In complexes 2 and 7, the Nbound hydrogens of the pyrazolylamidino ligands are involved in hydrogen bonding with a chlorido ligand of an adjacent molecule, or with the oxygen atom of a THF molecule present in the crystal, respectively. The distances and angles detected (H(3)···Cl(1) 2.279 (8) (91) 171.8(4)°) for 7 may be considered respectively as "weak" and "moderate" hydrogen bonds.
13 Table 1 Pyrazolylamidino complexes used in this study. 
Compd
Photophysical Studies
One main objective of this work was the investigation of the photophysical properties of our family of rhenium(I) tricarbonyl complexes containing pyrazolylamidino ligands, as there are not previous reports on the photophysical properties of complexes bearing these ligands. The absorption and emission spectral data collected for all complexes are summarized in Table 2 . The electronic absorption and emission spectra of complexes 1 to 12 have been measured at 298 K using CH 2 Cl 2 as solvent. Figure 3 shows representative absorption and emission spectra of neutral chlorido complex 1 and of the cationic complex 9, respectively. The absorption spectra of all complexes (see ESI, Figure S2 ) exhibit high energy transitions with maxima between 230 and 300 nm, and a tail reaching up to 480 nm. The absorption data of the complexes are qualitatively similar to related Re(I) compounds already published.
2a,14
Selected examples displaying similar absorption spectra are fac [ReX(CO) 3 16 possessing iminetype Ndonor sites. Therefore it seems justified to interpret the absorption features of our rhenium(I) complexes in an analogous manner. As described below, the results of the computational study also support this assignment. Intense bands due to an intraligand (IL) origin are observed in the UV region at high energy (230300 nm). The lowest energy absorption bands listed in Table 2 are assigned to a mixture of MLCT Re→*(L), ligandtoligand chargetransfer (LLCT), and halidetoligand chargetransfer (XLCT) transitions. The XLCT character is supported by the fact that the absorption maxima shifts to lower energy upon changing the halide ligands from Cl to Br, because the oxidation of the metal becomes progressively easier upon decreasing the electronegativity of the halide. The same behaviour was also observed for the series [Re 2 (µ X) 2 (CO) 6 {µ(1,2diazine)}] when changing the nature of the halide (X = Cl, Br, I). 17 In order to evaluate the halide influence on the photophysical properties, the series of chlorido complexes (1 3) is compared with their bromidosubstituted analogous (46). After excitation at 390 nm, the comparison of the emission bands reveals that those of chlorido complexes 1, 2 and 3 show a slight hypsochromic shift with respect to their bromido counterparts 4, 5 and 6. As reported by Bertrand et al., 16 these profiles are typical of the emission from MLCT/XLCT excited states when considering band shapes and the values of the emission wavelengths.
The luminescence quantum yields Ø of the pyrazolylamidino complexes were determined using cresyl violet as a luminescence quantum yield standard, 18 all measurements have been performed in deaerated solvents. The quantum yields of our complexes are relatively weak, independently of the halide or counter ion, and fall in the range reported for other "facRe(CO) 3 " complexes. 15, 19 Nevertheless, in the case of the halide series 16, somewhat higher quantum yields are found for the bromidoderivatives 46 (Ø 0.0170.026 %) compared to those of chlorido derivatives 13 (Ø 0.0150.022 %). Although complexes 4 and 5 emit at lower excited energy states, thus contradicting trends dictated by the energy gap law (EGL), 20 the shorter lifetime values for complexes 1, 2, 3 and 6 might be caused by competing photochemical pathways triggered upon excitation. Despite a longlived emission due to a 3 MLCT transition of pz complex 4 (890 ns), with  twice than that of the dmpz complex 5 (430 ns), the quantum yields of both compounds are quite close, around 0.020.03%.
The following trends are noticed: (i) introduction of electrondonating groups in the pyrazole core causes a weak shift to lower l em . This effect can be observed when comparing pyrazole complexes 1 and 4 with 3, 
Electrochemical Study
The redox properties of each compound have been investigated by cyclic voltammetry in MeCN solution in the potential region from 2.30 V to 1.50 V. Scans rates between 0.025 and 2.5 V s 1 were examined. Cyclic voltammograms have also been recorded for some samples in CH 2 Cl 2 in order to probe the influence of a noncoordinating solvent on their redox properties. Table 3 lists the measured redox potentials in MeCN. All compounds display an irreversible cathodic wave between 1.80 V and 2.25 V. ‡ Due to the significant shift of the cathodic peak potential (E p red ) when changing the nature of the pyrazolylamidino ligand, a pyrazolylamidinobased reduction is assigned to this wave. Thus, reductions are more favored for indazolylamidino ligands compared to those containing pz or dmpz groups in the order indz > pz > dmpz (Table 3 ). This is supported by the results of the computational study (see below), since the LUMO, which has mainly an amidino contribution, is more stabilised for amidino ligands containing indz fragments (3 and 6) than for similar pz (1 and 4) or dmpz (2 and 5) derivatives. For the neutral complexes, the irreversibility of the process is attributed to the halide dissociation, as reported for related compounds. Please do not adjust margins Please do not adjust margins corroborated by the observation of an anodic wave at ca. +0.5 V for the bromido complexes 48, which may result from the oxidation of bromide when the scan starts towards reduction before oxidation potentials (see curves corresponding to the 2nd and 3rd scans of 5 in figure 4 ). Scheme 3 Electrochemical processes proposed for the pyrazolylamidino complexes.
Neutral complexes (18) exhibit two oxidation processes (see Figure 4 for 5). An irreversible peak is observed, even for a scan rate of 2.5 V s 1 , at 0.90 ± 0.02 V, followed by an electrochemically reversible one at 1.32 ± 0.02 V. In contrast, the cationic species (912) display only one quasireversible wave in the range 1.151.34 V (see Figure 4 for 9). For compounds 911, the ratio of peak currents (i pa /i pc ) is equal to 1 at a scan rate of 100 m V s
1
, whereas the reversibility is observed only for scan rates above 500 mV s 1 for compound
12.
For the bromido complexes 48 the oxidation peak at 0.90 V is coupled in the following scan to a reduction peak at ca. 0.55 V (see Figure 4 for 5). In all, the cyclic voltammograms of the neutral compounds investigated here are comparable to that of fac[ReCl(CO) 3 (dmbipy)] (dmbipy = 4,4'dimethyl2,2' bipyridil).
23
In this case the first oxidation was found to produce chlorine and fac [Re(MeCN) are independent of the nature of the ligands (Table 3) , and therefore the process is assigned to a metal centred oxidation, leading to the formally 17electron monocationic species fac 
N,N)]
•+ , C, to regenerate the starting materials (Scheme 3). Thus, any wave due to oxidation of the bromine is observed when scan is cyclized between 0.3 to +1.5 V at a scan rate of 100 mV s 1 . In the cyclic voltammograms of the chlorido complexes 13, the reduction of chlorine is not detected. Chlorine is a stronger oxidizing agent than bromine, and therefore should oxidize the starting complexes 13 (Scheme 3). Table  3 . 25 In order to assess the influence of the pyrazolylamidino ligands in the redox properties of these fac [ReX(CO) 3 •+ , what may be interpreted considering the difference of lability of the ReBr bond in these compounds. 
Computational Study
All the complexes were also studied theoretically by means of density functional and timedependent density functional (TD DFT) calculations. Computational details can be found in the Experimental Section, the relevant types of complexes are discussed here, and the complete list of results is included in the ESI. The groundstate geometry was optimized at the PBE1PBE level (PBE0) with no symmetry restraints for all the complexes and the minimum obtained compares well with the structure obtained by Xray diffraction when available (see Tables S1 and S2 in the ESI).
The partial frontier molecular orbital compositions and energy levels of compounds 1 and 9, as models for neutral (1 8) and cationic (912) complexes are listed in Tables 4 and 5 , respectively.
It can be seen that the highest occupied molecular orbitals (HOMOs) have a mixed Re/CO/Cl character with different contributions in the case of the neutral complex 1, while for the cationic complex 9 there is also a non negligible contribution from the pyrazolylamidino ligand. In both cases the LUMO is mainly centred in the amidino ligand.
The calculated absorption energies associated with their oscillator strengths, the main configuration and their assignments, together with the experimental results for complexes 1 and 9 are given in Tables 6 and 7 , respectively. For the neutral complex 1, the low lying absorption measured experimentally at 360 nm can be assigned to the singlet excited state S 2 (366 nm), which consists primarily in the excitation from HOMO1 with d(Re) + p(Cl) + (CO) main bond type to LUMO with *(amidino) main bond type. Thus, this transition has a MLCT/LLCT/XLCT character, consistent with the trends experimentally observed for the absorption maxima shifts, already discussed in the photophysical study section above.
On the other hand, when the halide ligand is replaced by a neutral ligand (acetonitrile or a pyrazole) to obtain a cationic complex, the lowest experimental absorption is blueshifted (found at 324 nm in complex 9 with respect to 352 nm in the chloridodmpz neutral complex 2). The calculated singlet excited state (S 2 also in this case) consists now of two transitions, from HOMO1 and HOMO to LUMO, which contribute almost equally. The composition of HOMO1 and HOMO orbitals has a significant contribution from the amidino moiety, 13 and 21% respectively, and therefore, the transition has a less marked charge transfer character than in the case of the neutral complexes. The MLCT transition plays an important role in the excitation and, consequently, the absorption intensity of 9 is stronger than 1, as observed experimentally. Moreover, the weaker donating ability of acetonitrile with respect to the halido ligand, makes the HOMO and HOMO1 orbitals less energetic, what is consistent with the blueshift observed in the absorption. Please do not adjust margins
Please do not adjust margins
The MLCT character of the low lying absorption transitions for complexes 1 and 9 can be observed in Figure 5 , where the relevant molecular orbitals are depicted for both compounds.
The lowest triplet states T 1 of all the complexes have been optimized by the UPBE0 method and, from the geometry thus obtained, the TDDFT method has been applied to calculate their phosphorescence emission. The composition of the HOMO and LUMO orbitals is very similar to those of the singlet ground state, as can be seen by inspection of the values gathered in Table 7 . Therefore, the character of the emissions is ILCT for the cationic complexes, and the calculated emission energies and the corresponding transition characters for both types of complexes are shown in Table 9 .
Although the TDDFT computing methods cannot exactly reproduce the experimental values of the emission wavelengths, it can provide reasonable values that follow the same trend. In this respect, the substitution of the halide in the neutral complexes by a weaker donor stabilizes the HOMO, makes wider the HOMOLUMO energy gap and, as in the absorption transitions, a blueshift in the wavelength is observed. Table 1 collects references for the preparation and characterization of some of the complexes herein studied. All other reagents were obtained from the usual commercial suppliers, and used as received. Infrared spectra were recorded in a PerkinElmer FTIR spectrum BX apparatus using 0.2 mm CaF 2 cells for solutions or KBr pellets for solid samples. NMR spectra were recorded in Varian MR500 instrument at room temperature (r.t.) unless otherwise indicated, and are referred to the internal residual solvent peak for 35 mmol) were stirred in THF (25 mL) for 1 h at 40 °C. The solvent was removed in vacuo, the complex was extracted with CH 2 Cl 2 (40 mL), filtered, and the solvent was removed in vacuo. The pale yellow residue was then dissolved in acetone (20 mL) and LiCl (0.063 g, 1.5 mmol) was added. The mixture was stirred at r.t. overnight. The solvent was removed in vacuo, and the complex was extracted with THF (20 mL), filtered, and the yellow residue was crystallized in THF/hexane at 20 °C, giving a yellow microcrystalline solid, which was decanted, washed with hexane (3  3 mL, approximately) Re C, 23.13; H, 1.70; N, 10.12. Found: C, 23. 40; H, 1.66; N, 9. 98. Re C, 27.08; H, 2.50; N, 9.48. Found: C, 26.91; H, 2.44; N, 9. 35. Re C, 35.73; H, 1.94; N, 7.36. Found: C, 35.92; H, 2.01; N, 7.29. 
Experimental Section
General Remarks
fac-[ReCl(CO)
3
Photophysical Experiments.
UVvis spectra were measured with a VARIANCary 100 Spectrophotometer and emission spectra were recorded on a JobinYvon FluoroLog 3.2.2 in CH 2 Cl 2 at room temperature. Luminescence lifetimes were measured on a spectrofluorimeter Edinburgh Instrument Fl900, using software with timecorrelated single photon mode coupled to a Stroboscopic system. The excitation source was a laser diode (λ 320 nm). The instrument response function was determined by using a lightscattering solution (LUDOX).
Electrochemical Experiments.
Voltammetric analyses were carried out in a standard three electrode cell with a Radiometer PGP 201 potentiostat at ambient temperature. The electrolyte consisted of 0.2 M N n Bu 4 PF 6 solution in MeCN or CH 2 Cl 2 . The working electrode was a platinum disk electrode and the auxiliary electrode was a platinum wire. The reference electrode was a silversilver ion electrode, Ag/Ag + (0.1 M AgClO 4 in MeCN) separated from the analyzed solution by a sintered glass disk. After each measurement the reference was checked against the ferroceneferricinium couple (+0.025 V and +0.16 V against this reference electrode in MeCN and in CH 2 Cl 2 solution respectively).
Computational Details.
All calculations have been performed using the Gaussian 09 program package, 29 in which the PBE1PBE method was applied. This hybrid HartreeFock/ density functional model is based on the PerdewBurkeErzenhof (PBE) functional, 30 where the HF/DFT exchange ratio is fixed a priori to 1/4, and was used to optimize the ground and excited state geometries. Geometry optimizations were performed under no symmetry restrictions, using initial coordinates derived from Xray data of the same complexes when available, and frequency analyses were performed to ensure that a minimum structure with no imaginary frequencies was achieved in each case. On the basis of the optimized ground and excited state geometries, the absorption and emission properties in dichloromethane solution were calculated by TDDFT 31 at the PBE1PBE level associated with the PCM method to introduce the solvent effects.
32
Spinorbital coupling is not included in the current TDDFT method, and it influences the excitation energies in which the Re electrons are involved, 33 whereas it has a negligible effect on the transition character of this complexes.
Hence, although TDDFT cannot exactly estimate the excitation energies, it can still provide a reasonable spectral feature for our investigated complexes. This kind of theoretical approach has been proven to be reliable for transitionmetal complex systems.
34
In the calculations, effective core potentials (ECP) and their associated double LANL2DZ basis set were used for the rhenium and bromide atoms, 35 while the light elements (O, N, C, and H) were described with the 631+G(d,p) basis.
36
To explain the rationality of the PBE1PBE method and LANL2DZ/6 31+G(d,p) basis set, complex 1 was selected to do the calculation test with different functional and basis sets. Table S2 , and no significant improvement in the accuracy is detected, therefore, the LANL2DZ/631+G(d,p) basis set was selected to perform the calculations without the computational cost demanded by the larger basis sets. The contribution of every fragment in the molecules studied to the different orbitals involved in the optical transitions was calculated with the AOMix program, 38 and the graphical representation of the orbitals was made with the help of GaussView. Crystals were grown by slow diffusion of hexane into concentrated solutions of the complexes in acetone (for 1) or THF (for 2, and 7) at −20 °C. Relevant crystallographic details can be found in the CIF. † A crystal was attached to a glass fibre and transferred to an Agilent SuperNova diffractometer fitted with an Atlas CCD detector. The crystals were kept at 293(2) K during data collection. Using Olex2, 40 the structure was solved for complexes 1 and 7 with the olex2.solve structure solution program, 41 or with the ShelXT structure solution program for complex 2, 42 and then the structures were refined with the ShelXL refinement package using Least Squares minimisation. 43 All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were set in calculated positions and refined as riding atoms, with a common thermal parameter. All graphics were made with Olex2, and distances and angles of hydrogen bonds were calculated with PARST
44
(normalized values). 
Conclusions
Novel neutral and cationic rhenium(I) pyrazolylamidino complexes have been synthesized and characterized. The main advantage of pyrazolylamidino with respect to other bidentate chelating Ndonor ligands is the facile introduction of different substituents starting from the appropriate pyrazole and nitrile. Once coordinated, the pyrazolylamidino ligand is robust enough to allow the substitution of the halide by another halide or by different neutral ligands, so a broad panel of chelate complexes with different substituents are easily obtained. The effect of several substituents at the pyrazolylamidino ligand has been evaluated, as well as the effect of the coordination of chlorido vs. bromido, and their substitution by neutral acetonitrile or pyrazole ligands yielding cationic complexes. All the complexes exhibit phosphorescence decays, their quantum yields and long lifetimes are similar to those of other literatureknown rhenium(I) tricarbonyl complexes, and proof that emission arises from a prevalently 3 MLCT state. The electrochemical study reveals an irreversible reduction for all the complexes. The oxidation of the neutral complexes was found to be irreversible due to halido dissociation, whereas the cationic species display a reversible process implying the Re I /Re II couple. Finally, TDDFT methods provide reasonable values for emission energies, which follow the same trend of experimental values of the emission wavelengths. Therefore, this report opens a new strategy to design new versatile phosphorescent complexes of the rhenium(I)tricarbonyl family, since targeted chelating Ndonor ligand with the appropriate substituents for requested applications may be easily obtained in a onepot reaction from readily available pyrazole and nitrile ligands. ‡ As shown in Table 3 , compound 7 displays a second wave at 2.14 V, whereas a second wave at potential lower than the lower limit recorded (below 2.5 V) may be also perceived for compound 8. Therefore, this second wave might be attributed to the presence of a phenyl substituent in the pyrazolylamidino ligand.
§ Complex 3 should present the same behaviour as 6 or 10 but the E 1/2 ox was not clear in the CV probably due to the low solubility of this compound in MeCN (as indicated in footnote in Table 3 ).
